In order to achieve an environmental-friendly engine i.e. with more efficiency and less noise emission, a geared ultrahigh bypass ratio fan test rig has been designed within the EUfunded project SILENCE®.
INTRODUCTION
The environmental goals of the European Commission's "European Aeronautics: Vision 2020" and the "Strategy Research Agenda" (SRA) written by the "Advisory Council for Aeronautics Research in Europe" (ACARE) are very challenging: Reduction of the perceived noise by half, the emitted CO 2 by 50 % and NOX by 80 %. A large part of these goals rely on engine technology, requiring a strong collaboration between the European engine manufacturers, research establishments and universities.
The design of transonic fans has been revolutionized in recent years by the development of 3-D multistage viscous computation tools and the availability of the computational power to allow these methods to be used extensively in the design process. This paper presents the computational design work of an ultra-high bypass ratio fan which is a result of a cooperation between DLR, SNECMA and COMOTI. The stage geometry includes fan, 2 IGVs, an OGV and the splitter part. The DLR-in-house code "TRACE" was used to compute the entire 3-D flow field. The code is a cell-centered finite volume, Reynolds-averaged Navier-Stokes solver that has been developed at the Institute of Propulsion Technology at DLR for the simulation of turbomachinery flows. For turbulence closure a two equation k-ω model has been used. Several in-house codes were used to design 2-D profiles and 3-D blade shapes as well as their meshes for computation. The finite elements analysis has been carried out by COMOTI as well as the manufacturing of the entire test rig. This rig will be tested in the RACE facility in Paris.
The main aspects of the engine concept concerning the fan are; a low fan tip speed at take-off condition to eliminate the radiation of rotor alone noise like buzzsaw noise, high BPR to reduce fuel consumption and increase propulsive efficiency of the aircraft, high specific flow to minimize the fan diameter and the swept OGV to reduce the rotor-stator interaction noise. 
NOMENCLATURE

BPR
THE DESIGN PARAMETERS AND PROCEDURE
In terms of performance the characteristic parameter was the BPR which lies around 12 for all 3 operating conditions: Max-climb, Bucket-cruise and Take-off. The SFR at the inlet area at MCL (at sea-level condition for test rig) is 221 kg/s/m 2 which corresponds to 10% increase compared to a state-of-theart engine. It was forseen that at this condition M mer in front of the rotor in the outer half of the flow channel amounts to 0.7 or even slightly higher which is presumably close to choking and the fan goes into transonic regime. The stall margin has also been predefined which will be discussed in the results part.
From acoustical point of view, in order to achieve a lownoise fan at the TO, M| rel,tip = 1.05 has been given as a constraint which is the upper limit to avoid the upstream shock-BL interaction noise that can be mostly eliminated by the liners. Another important criteria was the number of blades which can be adjusted to minimize rotor-stator interaction noise. The options for number of fan blades were 20,22 and 24, finally 22 has been chosen for performance reasons and the OGV has been chosen to have 68 blades which presumably leads to 1BPF cut-off and 2BPF cut-on. There are 80 blades for IGV1 having little effect on acoustic performance and 72 blades for IGV2. It should be mentioned that the IGV2 has been manufactured only for test rig conditions to diminish the excess kinetic energy coming from the swirl after IGV1 which may cause separation problems at the nozzle of the core duct. Figure 1 presents the basic design loop for flowpath and blades consisting of 5 main steps. 1. Initialization of the design process is performed by defining a preliminary flowpath and computing this geometry with the in-house throughflow code (solution of simple radial equilibrium eduation) considering the main parameters defined in the thermodynamic cycle of the engine. 2. The output is an input for profile design of some preselected radial (or meridional) sections. The quasi 3-D code MISES [8] is used for profile design and performance evaluation.
3. An in-house stakcing code is used to generate the blade form by inserting the profiles into their radial positions and generating the shape by splines through these profiles and keeping the geometry between hub and casing. 4. Mesh is generated for 3-D Navier Stokes computation. [10] 5. Aerodynamic performance is evaluated to decide either to perform another iteration cycle or send it to FEA for static stress analysis and aeroelastic feasibility. A new iteration sometimes includes a major change like flowpath, stacking line modification or a fine tuning like slight profile changes. Figure 2 presents the entire rig flowpath with the positions of the blade rows, the numbers in paranthesis representing the number of blades. Most of the test rig design campaigns are successors of some previous rigs and constrained by the parts which will be used again. In the SILENCE® project some parts are retained from the "Maestro Fan" of SNECMA which are the telemetry antenna and ducts after the stators. The second constraint has not been very effective on the performance. However, the position of the antenna avoided the freedom of the hub contour after the fan therefore made the work harder on the design of IGV1. The tip radius of the fan is 800mm and hub-to-tip ratio of the fan is 0.27.
THE FLOWPATH
Fig. 2 -Flowpath
In order to get the required BPR, the splitter position had to be adjusted leaving a narrow gap for the core engine which caused also difficulties for the IGV1.
THE FAN
A significant number of design iterations has been performed until the requirements of three operating conditions have been met. The priority was given to MCL which is the challenging point claiming that satisfying this point would more or less satisfy the other two as well. Starting from a straight leading edge fan and evolving to an S-shape leading edge with forward sweep at the tip had specific reasons. The recent trend in using aerodynamic sweep to improve the performance of transonic blading has been one of the more significant technological evolutions for compression components in turbomachinery. An earlier paper [Wadia, Szucs and Crall, 1997] reported on the experimental evaluation and the subsequent analytical assessment of both aft and forward sweep compressor rotor technology with respect to aerodynamic performance and stability in a single-stage environment. The reduced shock-BL interaction resulting from reduced axial flow diffusion and less accumulation of centrifuged blade surface BL at the tip, was identified as the prime contributor to the enhanced performance and aerodynamic stability with forward sweep. Figure 3 shows the starting and final geometries of the iteration process, the corresponding Machcontours and streaklines on the blade surface just above the BL. The two geometries are shown in order to give an idea on the evolution of the iteration process. The starting geometry does not have a significance other than being a preliminary design study. The two main discrepancies are radial chord length distribution, i.e. solidity, and the stacking lines of both geometries. At the very beginning the iteration started with a conventional straight fan geometry with a low solidity. For the predefined rotational speed, 7842 RPM at MCL, this geometry is highly loaded close to the tip sections, flow tends to migrate from mid-span to this area behind the shock line because of extreme low-pressure after shock and even partially separates which is shown with a small reverse flow after 70% blade height.
Looking at the shock structures on the suction surface, the starting geometry has an oblique shock beginning from 20% blade height until casing with a constantly increasing shock strength. However the final geometry has until mid-span a relatively weaker shock and even between 40% and 50% a weak double-shock structure which leads to higher profile efficiency instead of a single strong shock. This difference is mainly caused by the different loading of the two blades.
The final design has obviously a lower loading distribution because of its larger chord length. The chord length at hub is 0.12m and goes up to 0.16m at the tip section. The chord enlargement together with forward sweep definitely improved the stall margin and mass flow rate capability of the fan.
Focusing on the tip section there is positive sweep on the final geometry. There is significant literature on sweep effects on 3-D blading performance. Wadia et al. presented the excellent performance and stall margin enhancement of a swept rotor compared to an unswept one. Denton and Xu found little peak efficiency or pressure ratio improvement however they reported significants effects on stall performance. Again Wadia et al. investigated forward swept rotor performance with inlet distortion and presented a superior front stage performance with forward sweep with inlet distortion. The total of the individual sweep effects gives a more favourable profile pressure distribution in the wall sections. There are three effects of sweep on compressor flows: Influence on blade loading, influence on shock position and influence on the accumulation of low momentum fluid near the endwall. This paper will focus on the second one which can also be seen in Figure 3 . In both cases the shock turns normal to the casing instead of oblique because of the endwall effect. In the absence of an endwall, the shock shapes would be following the blade stacking line, i.e. forward swept shock for a forward swept fan. In the presence of the endwall for the forward swept tip section the shock tends to turn normal to the endwall moving downstream leading to a better stall margin because the rotor can be throttled further until the bow shock deteaches from the leading edge. Figure 4 shows the radial distribution of some performance parameters of the fan at MCL, x-axis being the relative blade height. The total pressure ratio increases smoothly with increasing radius. It is clear to see entering the transonic region after 55% blade height the trand of the line becomes almost linear because of linearly increasing shock strength. The transonic region is noticeable from the drastic isentropic efficiency reduction after 60%. The flow turning is expectedly highest at the hub which leads to high overturning from the axis of the machine. This turning was crucial to reach the required total pressure levels which on the other hand has caused problems on the design of IGV1 which will be discussed later.
Figure 4 -Performance parameters of the fan at MCL
THE OGV
The hub and region of stators are sensitive to end-wall separation caused by cross-passage flow and excessive deceleration local to the stator suction surface. The use of 3-D blade designs incorporating end bend, sweep and dihedral to reduce secondary flow related losses, avoid BL separation at the corner of wall and blade, improve efficiency and obtain stable operating range has gained ground in recent years. Gümmer et al. reported on the favourable effect of these phenomenons in transonic stators of axial compressors and claimed that especially dihedral application has alleviated a strong hub corner stall. Roy et al. presented a study comparing straight, sweep and dihedral cascades which concludes that the sweep and dihedral have lower end-wall losses compared to the straight. Gallimore et al. investigated the use of sweep and dihedral in the design of Rolls-Royce Trent core compressor bladings and expressed that positive dihedral alleviates high suction surface deceleration rates at the end-walls at the expense of increased blade force at mid-span which could have been avoided by re-designing the mid-span profile.
The number of blades of OGV which is equal to 68 has been fixed for the sake of a low-noise fan rig. Figure 5 presents the blade shape and Mach contours on the blade surface. There is 20° backward sweep on the blade so that the wakes leaving the trailing edge of the fan do not coincide with the stator at the same instant which presumably will reduce the noise caused by rotor-stator interaction. A positive dihedral is introduced at the tip of the blade after experiencing separation on the suction side close to the endwall. The aerodynamic performance was satisfactory in terms of losses and flow turning capability to get zero swirl at the exit. Figure 6 presents radial distribution of inlet Mach number, flow turning, and exit swirl. Exit angle 90° corresponds to axial flow in all the following figures. The loss level is about 4%. Due to high number of blades the chord length is relatively small compared to the state-of-the-art engine and consequently the thickness of the profiles were not enough to carry the static loads of the rig causing a need to structural struts after the OGV.
THE IGV1
The design of the first IGV has needed significant amount of work and time because of its inlet conditions and performance requirements. Figure 7 shows the inlet Mach number radial distribution which goes even up to supersonic values after 80%. The reason was obviously first; the pressure ratio requirement for the fan leading to high exit swirl levels because of large flow turning values at the hub and second; high SFR for core engine. Figure 8 presents the result of a preliminary design for the IGV1. The streaklines show a strong separation on the suction side after 70% blade height because of the extreme inlet velocity although the flow turning is about 25° in that region.
Figure 8 -Suction side of the IGV1 (preliminary design)
The favourable effect of dihedral definitely improved the loss performance of this guide vane decreasing the negative influence of cross-flow and 'washed away' the separation on the suction surface which is explicitly seen in Figure 9 . The pre-shock Mach number reaches up to 1.58 but flow remains unseparated. Figure 10 shows the meridional view of the IGV1 including the splitter position which causes an extra contraction leading to an increasing inlet Mach number with increasing blade height (Figure 7 ). This is untypical for a stator row that can also be seen on the inlet Mach number distribution of OGV (figure 6). It is noticiable that a negative sweep has also been applied to this blade design considering the presumable performance on the end-wall losses.
Figure 9 -Suction side of the IGV1 (final design) at MCL
Figure 10 -Meridional view of IGV1 including splitter
The performance of this blade row is briefly shown in Figure 11 . Due to high diffusion factor and pre-shock Mach number the average total pressure loss is about 10%. The exit swirl at the hub is close to zero but there is significant swirl at the tip region because of lower achieveable flow turning. 
THE IGV2
The rest of the swirl streaming from IGV1 has been directed to the engine axis with a simple design of IGV2. There were 72 blades without any sweep or dihedral effects because of relatively simple inflow characteristics. The inlet condition and performance are presented in Figure 12 .
Figure 12 -Performance parameters of IGV2 at MCL
ENTIRE STAGE AND ITS PERFORMANCE
During the design process FEA analysis has been performed after the form of the blade rows were more or less fixed. Naturally some state-of-the-art rules have been used during the aerodynamic design to avoid generating unrealistic and unfeasible geometries. Some examples can be max.thickness-to-chord ratio, leading & trailing edge thickness radial distributions which have to be smooth and have reasonable values. The last iterations included FEA analysis and some expert advises have been considered to modify the geometries without having performance penalty. After fixing the design, fan blade has been sent to hot-to-cold conversion to get the geometry which will be manufactured. Cold-hot conversion has been performed additionally to check the aerodynamic performance if it achieves the same performance like the original geometry. Not only stress concentrations but also resonance probability has also been controlled by plotting and analysing the Campbell diagram of the fan which shows that the first and the second engine order do not coincide with the first flapping mode after 60% rotational speed which is a standard to avoid the resonance phenomenon.
The thermodynamic cycle has been agreed on between the partners considering the requierements of this test rig. Corresponding to that cycle an operating line has been predefined in terms of mass flow rate, rotational speed, total pressure ratio. Figure 13 represents the predefined operating line and the off-design performance of the test rig at MCL and TO. The stall margin is about 11% taking the maximum points of total pressure ratio and mass flow rate and computing the limit wrt. the design point. The limit has been considered as the first numerical instability point encountered during the rise of the back pressure.
Figure 13 -Operating line and off-design performance
In order to present the performance in detail Table 1 The aerodynamic performance has been evaluated on 2 additional operating points, approach and cut-back, and the results were also satisfactory for both these points. Figure 14 shows a view of the entire test rig which has been manufactured by COMOTI in Romania. The casing has not been plotted in order to show the stator rows.
Figure 14 -SILENCER FAN TEST RIG
DEVELOPMENT OF ANOTHER UHBR FAN TEST RIG FOR DLR
After the design process was over Institute of Propulsion Technology of DLR has decided to manufacture an other fan test rig to use in aerodynamical experiment campaigns. In the future active noise control studies are planned by implementing actuators on some stator blades and casing in order to reduce noise actively. In the scope of this project the fan geometry of SILENCE test rig has been retained but an other stator row has been designed after removing the splitter and two other stator rows. The flowpath is presented in Figure 15 showing also the stator position. The number of stators have been fixed to 38 which has been given by the acoustic experts in DLR in order not to have a low-noise fan by having most of the acoustical modes cut-on for the active noise reduction plans. Figure 15 shows the flowpath of this rig, position of the stator and the circumferencially averaged meridional Mach number distribution which goes up to 0.75. Figure 18 shows one blade model which has been manufactured from titanium in order to use in the shaker tests to check the vibrational durability. The results show a perfect match between the FEA estimation of the location of the first crack (maximum stress) and the crack location resulting from the shaker tests.
Figure 18 -Model for the shaker tests
DISCUSSION
A 3-D design toolkit has been established together with some basic principles for designing blades in three dimensions. This was achieved by combining the know-how from experimental research, existing literature and experience from past designs with CFD computational capabilty. The work described in this paper is a design study of an ultra-high BPR fan test rig which shows that significant improvement can be made by bringing different techniques together in one project. Another point which has to be mentioned is that for these techniques to be useful in the fan design activity it is essential that they can be applied without significantly extending the time taken to deliver the final design solution. Although that kind of high BPR test rig was new for the authors, the design has been completed without exceeding the deadline of the project after performing tens of iteration cycles. Thanks to the sufficient computational power of DLR and well-developed design tools. It was important for the designer to re-blade quickly, run design and sometimes off-design constant speed characteristics overnight.
3-D CFD calculations are not yet good enough to calculate accurately total pressure loss but at least they give information on the direction of efficiency improvement like the effect of sweep and dihedral especially on stator rows.
CONCLUSION
Several techniques have been applied to 3-D blading like sweep for the fan and both sweep and dihedral for the stator rows. Both of the test rigs will be tested in 2006 and they will play a role in validation of the computational design and noise performance that has been estimated also by computational methods. In the future such designs will supposedly be performed with automated design tools. The trend is using enhanced geometry and mesh generating tools and optimization algortihms like neural networks in order to minimize the design turnover time and reaching better geometries which can not be established by "hand-made" designs. Another paper of the authors refers to that kind of new design technology. [9] 
